The aim of this study was to investigate the chemical composition and antimicrobial activity of essential oils obtained by hydrodistillation from fruits of six fennel accessions collected from wild populations occurring in the centre and south of Portugal. Composition of essential oils was established by Gas Chromatography-Flame Ionization Detector (GC-FID) and Gas Chromatography-Mass Spectrometry (GC-MS) analysis. The obtained yields of the essential oils were found to vary greatly in the range of 1.1 to 2.9% (v/w) and the chemical composition varied with the region of collection. A total of 16 compounds were identified. The main compounds were fenchone (16.9 -34.7%), estragole (2.5 -66.0%) and trans-anethole (7.9 -77.7%). The percentages of these three main compounds were used to determine the relationship between the different oil samples and to group them into four different chemotypes: anethole/fenchone; anethole; estragole and anethole/estragole. Antifungal activity of essential oils was evaluated against six food spoilage fungi: Aspergillus niger, A. japonicus, A. oryzae, Fusarium oxysporum, Rhizophus oryzae and R. stolonifer. Antibacterial activity was assessed against three Gram-positive strains: Enterococcus faecalis ATCC 29212, Staphylococcus epidermidis ATCC 12228 and S. aureus ATCC 28213; and against six Gram-negative strains: Escherichia coli ATCC 25922; Morganella morganii LFG 08; Proteus mirabilis LFG 04; Salmonella enteritidis LFG 05; S. entiritidis serovar typhimurium LFG 06 and Pseudomonas aeruginosa ATCC 27853 by the disc diffusion agar method; the minimal inhibitory concentration (MIC) was determined using the broth macro-dilution method. The MIC values varied from 62.5 (E. coli ATCC 25922) to 2000 µg/mL (P. aeruginosa ATCC 27853).
Fennel (Foeniculum vulgare Mill.), family Apiaceae, is native to the Mediterranean region. It is an annual, biennial or perennial plant, depending on the variety [1] . The fruits and essential oils are used in the cosmetic, pharmaceutical and food industries, such as flavoring agents in liqueurs, bread, pickles, pastries and cheese [2] .
Two subspecies of F. vulgare occur in Portugal: F. vulgare subsp. capillaceum and F. vulgare subsp. piperitum [3] . Previous studies on Portuguese fennel essential oils [3, 4, 5] have already reported the existence of chemotypes (anethole, anethole/fenchone, anethole/estragole) that deviate from the international accepted standards [6, 7, 8] . For instance, three chemotypes were described by Bernáth, namely anethole/estragole, anethole and estragole [8] . Chemical polymorphism is characteristic of this species and several factors such as climatic and environmental conditions, harvesting season and the stage of seed ripening can influence the content of essential oil and its composition in fennel [6, 7, 9, 10] .
Since ancient times plants and essential oils were used for the treatment of infectious diseases even though no knowledge about microorganisms existed [11] . Nowadays, the increasing resistance of pathogens to antibiotics presents a major threat to public health because it reduces the effectiveness of treatment, which could lead to an increase in morbidity and mortality [12] [13] [14] . For instance, the emergence of resistance in the Gram-negative bacteria Escherichia coli and Pseudomonas aeruginosa has already been documented [15] . Hence, there is an urgent need to find alternative antimicrobial agents to fight resistant pathogenic microorganisms. Although the most important sources of antibiotics are moulds, actinomycetes and bacteria, higher plants also contain many classes of secondary metabolites with antimicrobial properties, thus, efforts are being made to evaluate the antimicrobial activity of a wide variety of natural products, including plant metabolites, in order to isolate and characterize novel compounds which could inhibit bacteria and fungi, or even serve as models for new molecules [12] . Previous studies have already shown that fennel essential oils possess antimicrobial activity against several microorganisms [16] [17] [18] [19] [20] [21] [22] .
As part of our continuous search for improving the knowledge about the germplasm of fennel in Portugal, six indigenous accessions were collected from wild populations growing in the centre (Guarda, Leiria and Santarém) [23] and south (Évora) of Portugal, and the seed progeny were evaluated for antimicrobial activity and variability in essential oils composition. The yields of the essential oils obtained from F. vulgare fruit samples varied greatly within a range of 1.1 to 2.9%, v/w (Table 1) . Our results for antifungal activity performed using a disc diffusion assay with food spoilage fungi (Table 3) revealed that essential oils from fennel fruits of all accessions had a higher activity than nystatin against Aspergillus niger, in close agreement with previous studies [20] . The highest antifungal activity exhibited by the fennel essential oils was obtained by accession 09576, whereas the lowest activity was shown by accession 09583. Accessions 09576 and 09873 from chemotype anethole showed antifungal properties against all fungi tested (Table 3) ; for the most resistant strain (R. stolonifer), the inhibition zone was 16.0 mm and total inhibition, respectively.
The results for the antibacterial activities of the essential oils and standard antibiotics, also performed using a disc diffusion assay, are reported in Table 4 . The antimicrobial activities of the essential oils were assessed against three Gram-positive bacteria namely Enterococcus faecalis, Staphylococcus epidermidis and S. aureus and six Gram-negative bacteria namely Escherichia coli, Morganella morganii, Proteus mirabilis, Salmonella enteritidis, S. enteritidis serovar Typhimurium and Pseudomonas aeruginosa.
The essential oils from all accessions proved to be effective against antibiotic resistant strains, namely Enterococcus faecalis, Escherichia coli, M. morganii, Salmonella enteriditis and S. entiritidis serovar Typhimurium. The antibiotics tested showed higher inhibition than the essential oils of all accessions against S. epidermidis, S. aureus, P. mirabilis and P. aeruginosa. However, the essential oils showed a broad spectrum of antibacterial activity. Strains resistant to some standard antibiotics were sensitive to essential oils. Ampicillin for example, showed no activity against Salmonella spp., but the essential oils were demonstrated to be effective against these bacteria. Cephalothin, showed no activity against Enterococcus faecalis, Escherichia coli, M. morganii and Salmonella spp., but essential oils were effective against these bacteria, with the essential oil from accession 09586 showing total inhibition against E. coli. Antimicrobial activities for sensitive bacterial strains were also evaluated using Minimum Inhibitory Concentration (MIC) ( Table  5 ). Accession 09586 evidenced higher antibacterial activity against E. coli, with a MIC of 62.5 μg/mL. However, it showed weak activity against P. aeruginosa, with a MIC ≥ 1000 μg/mL. The lower efficacy of all accessions' essential oils was shown with this bacterium, which does not show any inhibition with essential oils from accessions 09576; 09578; 09583 and 09873.
The greatest antibacterial activity was observed for essential oil from accession 09586, this being better than ampicillin, cephalotin and tetracycline. Essential oil from this accession has an equilibration amount of the three main compounds, so its antibacterial activity against E. coli may be attributed mainly to synergetic effects between them and the proportions in which they are present within a complex mixture.
Taking into account the complexity and variability of composition of essential oils from fruits of F. vulgare, it is very difficult to correlate the antimicrobial activity with a specific component; these essential oils showed significant antimicrobial properties against food spoilage fungi, Gram-positive and Gram-negative bacteria, so we suggest that they could be recommended as a potential source of pharmaceutical materials for the preparation of new antifungal and antibacterial agents.
Experimental
Plant material: Six fennel populations were identified by germplasm collectors and researchers E. Bettencourt and F. Rocha, in the centre (Trancoso-Guarda; Pinhel-Guarda; Leiria and Ourém-Santarém) [23] and one population in the south of Portugal (Vila Viçosa-Évora). All of them are maintained in ex situ by Banco Português de Germoplasma Vegetal (BPGV). The seeds from wild populations were morphologically characterized and the progeny were analysed. The protocol of plant material management in the field was unique: no fertilization, drip irrigation between June to August once a week, and seeds harvested in October.
Essential oil isolation:
The fruit essential oils were obtained from 50 g of each sample by hydrodistilation in 2 L of water for 2 h, using a Clevenger-type apparatus. The essential oils obtained were stored under nitrogen in tightly closed dark vials between -20ºC and -30º C until analysis.
Gas chromatographic -flame ionization detection: For gas chromatographic separations, an Agilent 7890 instrument coupled to an ionization flame detector (FID) was used. Volatile components were separated on a DB-5MS capillary column (5% phenylmethylpolysiloxane, 25 m, 0.25 mm i.d.; 0.25 μm film thickness) (J&W Technologies), with the following temperature program: 5 min at 60°C, subsequently 10°C/min up to 250°C, held for 20 min. Injector temperature was 250°C and detector temperature 280ºC. Helium was used as the carrier gas, at a flow rate of 1.0 mL/min; injection volume: 1 µL; split ratio, 1:50. A mixture of aliphatic hydrocarbons (C7-C25) (Sigma, Milan, Italy) in n-hexane was directly injected into the GC injector under the above temperature program, in order to calculate the retention index of each compound. Oil samples were diluted 1:100 in n-hexane and injected in a volume of 1 μL. Analysis was repeated 3 times.
Gas chromatographic-mass spectral analysis: The F. vulgare essential oils were analyzed by GC-MS using an Agilent 7890 GC coupled with an Agilent 5975 C inert XL mass selective detector [MSD, operated in the electron impact EI mode (electron energy = 70 eV), scan range = 50-500 amu, and scan rate = 3.99 scans/sec), and an Agilent ChemStation data system. The GC column was a DB-5MS fused silica capillary with a (5% phenyl)-polymethylsiloxane stationary phase, film thickness 0.25 μm, length 30 m, and an internal diameter of 0.25 mm. The carrier gas was helium with a column head pressure of 48.7 kPa and a flow rate of 1.0 mL/min. Injector temperature was 250°C. The GC oven temperature program was used as follows: 60°C initial temperature, hold for 5 min; increased at 10°C/min to 250°C. A solution of the sample in CH 2 Cl 2 was prepared and 1 μL was injected using a ratio split 1:50.
Identification of components was achieved by comparison of the retention times and mass spectra with those of the pure standard compounds. All mass spectra were also compared with those of the data system library NIST and Wiley. Antifungal activity: This was tested using the following food spoilage fungi: Aspergillus niger, A. japonicus, A. oryzae, Fusarium oxysporum, Rhizophus oryzae and R. stolonifer. These moulds were isolated from an Alentejo region soil sample and deposited in the culture collection of the Biochemistry Laboratory of Évora University. Strains were maintained on slants of Nutrient Agar (NA) and Malt Extract Agar at 4ºC for bacteria and moulds respectively. Bacterial and fungal strains were previously activated in NA at 37°C/24 h and Sabouraud Dextrose Agar (SDA) at 25°C/5 days.
Antimicrobial disk diffusion assays of essential oils:
The antimicrobial screening was performed by a disc diffusion agar method. Suspensions of the tested microorganisms were prepared with sterilised physiological saline solution (0.9%, w/v) and adjusted to 0.5 McFarland standard turbidity or 10 8 CFU/mL and were spread on the solid media plates, NA for bacteria and SDA for fungi, respectively. Sterile filter paper discs (Ø= 6mm) were placed on inoculated media with slight pressure and impregnated with 5 μL of essential oils. Ampicillin (10 μg); cephalothin (30 μg) tetracycline (30 µg) and nystatin (33 μg) were used as antimicrobial controls for bacteria or fungi. A sterilised physiological saline solution containing DMSO 5% (5 μL) was used as a negative control sample. Plates were incubated at 37°C/24 h or 28ºC/5 days for bacteria and mould assays, respectively. The diameter of the inhibition zones (mm) was measured using a Fisher-Lilly Antibiotic Zone Reader (Fisher Scientific Co. USA).
Evaluation of minimum inhibitory concentration (MIC):
Minimal inhibitory concentrations were determined using the broth macrodilution method. Dilutions of each essential oil were prepared in DMSO. Each tube containing a different concentration of EO, ranging from 31.25 to 1000 μg/mL, was added with standardised suspension of each tested organism (10 6 CFU/mL) on culture media, Nutrient Broth and Sabouraud Dextrose Broth, for bacterial and fungal tests, respectively. Identical concentrations of DMSO were tested for control purposes. The tubes were incubated in an orbital shaker, at 37ºC for bacteria (24 h) and 28ºC for fungi (5 days). The MIC value is defined as the minimum concentration of test sample that inhibits the selected organism growth.
